Introduction: All-optical storage and signal processing are of intense interest for numerous applications, ranging from true-time delay for antenna remoting to all-optical convolution functions, all-optical signal regeneration, all-optical wavelength conversion, and all-optical buffers. The ability to control the optical group velocity over a wide range with high resolution is critical to enable such novel functionalities, particularly optical buffering. Recently, ultraslow light devices with variable group velocities have been suggested as a promising candidate for all-optical buffers [1] [2] [3] . Buffering is accomplished by slowing the signal, as opposed to routing the signal onto a long distance loop to produce delay [4] . For a practical buffer, the most critical attributes are the storage density and how the storage varies as the signal bandwidth increases. Recently, we analysed this problem analytically by considering a device with a spectral hole in its absorption spectra created by, for example, electromagneticallyinduced transparency (EIT) [5] . Similar delay-bandwidth analyses are published for coherent population oscillation and other physical mechanisms [6, 7] .
In this Letter, we numerically simulate the bit error rate (BER) performance for pseudorandom signals propagating through an EITbased ultraslow light device, as discussed in [1, 2] . The group velocity of the signal beam in such a device is adjustable by changing the intensity of a control laser. We calculated the power penalty introduced by the optical buffer in an optical link against increased bit rate and storage.
Simulation model: The quantum dot (QD) energy-level scheme for EIT is taken from [2] , where a three-level ladder scheme was assumed and a 5 MW=cm 2 control or 'pump' connecting levels 2 and 3. The signal is resonant with the 1-2 transition. The dispersion curve was obtained from [2] . Note, the formulism is quite general and parametric, and hence the dispersion relationship is valid for any EIT energy configuration as long as there is no degeneracy. We assumed a QD homogeneous linewidth (g H ) of 1 meV and a nonradiative linewidth (g 31 ) of 10 meV. It is worth noting that the control laser couples two electronic levels that are not thermally occupied and therefore can pass through the system unattenuated. Inhomogeneous broadening is not taken into account here.
Our simulated link consists of a non-return-to-zero (NRZ) amplitude modulated pseudorandom signal propagating through the EIT dispersion. Transmission through the EIT dispersion is calculated in the frequency domain with FFT. The signal is converted back to time domain and folded into an eye diagram, which is scaled to a desired mean received power P rec . Lastly a pin detector adds thermal noise, shot noise, and dark current to the eye diagram and the BER is calculated via an erfc function [8] . Typical results are shown in Fig. 1 . Here the device length is changed to show BER against P rec for different storage capacities (number of bits stored). The leftmost dotted line shows the back-to-back case.
Delay-bandwidth product: We begin by comparing numerical results in this Letter to the analytical formula T S B ¼ La(o 0 )=4p obtained in [5] , where L is the device length and a(o 0 ) is the change in absorption at the optical frequency of the control beam owing to EIT. The analytical delay-bandwidth product, T S B, i.e. the number of bits stored, is predicted to scale linearly with L. Thus, this formula predicts a constant storage density, i.e. bits per length.
In this Letter, we first note that the numerical T S B scales with L in a much more complex fashion for a waveguide device with the same control laser intensity or dispersion curve throughout the length. This is because the bandwidth of the system is more appropriately calculated from the transmission through the medium: T ¼exp(ÀaL). Fig. 2 shows transmission spectra for various L. For short devices (0.1-1 mm) the 3 dB bandwidth scales as log(L). Within the range of device lengths that are of interest to us (1 mm < L < 100 mm) the bandwidth is proportional to L À1=2 (Fig. 3) . Since the delay is still proportional to L, the delaybandwidth product, i.e. storage, should be proportional to L
1=2
. Hence storage-bit-rate is a constant and has no L dependence. In addition, the storage density is proportional to L À1=2 and decreases as the device becomes longer. Power penalty: As the bandwidth decreases with increasing length, attempts to store more bits by building a longer device will eventually create distortion. Distortion is ultimately measured by power penalty. Throughout this Letter we define power penalty as the difference in average received power relative to the back-to-back case at a BER of 10 À9 . Fig. 4 shows the power penalty increasing as the amount of storage is increased (by increasing L) for various bit rates. There is a threshold behaviour. There is no power penalty until the bandwidth gets near the bit rate, then the power penalty begins to increase sharply. Fig. 5 plots the bit rate against storage for three different power penalties. The shape of these plots indicates that the storagebit-rate product is constant for a given power penalty and calculation confirms this observation. Table 1 shows the storage-bit-rate products for the power penalties shown in Fig. 5 . Deviation from these mean values was mostly in the form of random 'noise' owing to lack of numerical precision. The standard deviation about the mean values was less than 10%. By plotting the storage-bit-rate products on a loglog graph and forming a linear fit, we determined a very weak L dependence of at most (6 dB case) L 0.12 ; indicating that the storagebit-rate product is indeed independent of L. Table 1 : Storage-bit-rate products for power penalties in Fig. 5 Power penalty 1.0 dB 3.0 dB 6.0 dB 
